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4E xcited  B  m esons B i and  B J are observed d irec tly  for th e  first tim e as tw o sep a ra te  s ta te s  in 
fully reconstruc ted  decays to  B +(*')n - . T he  m ass of B i is m easured  to  be 5720.6 ±  2.4 ±  1.4 M eV /c2 
and  th e  m ass difference A M  betw een B I and  B i is 26.2 ±  3.1 ±  0.9 M eV /c2, giving th e  m ass of th e  
B |  as 5746.8 ±  2.4 ±  1.7 M eV /c2. T he  p ro d u c tio n  ra te  for B i and  B |  m esons is d e term ined  to  be 
a frac tion  (13.9 ±  1.9 ±  3.2)% of th e  p ro d u c tio n  ra te  of th e  B+  meson.
PACS num bers: 12.15.Ff, 13.20.He, 14.40.Nd
To date, the  detailed spectroscopy of mesons contain­
ing a b quark  has not been fully established. Only the 
ground 0-  sta tes B + , B 0, , B + and the excited 1-  
sta te  B* are considered to  be established by the PD G  
[1]. Q uark models predict the existence of two broad  (B* 
[ j P =  0+] and B* [1+]) and two narrow  (B i [1+] and B* 
[2 +]) bound P  sta tes [2, 3, 4 , 5, 6 , 7]. The broad  sta tes 
decay through an S  wave and therefore have w idths of a 
few hundred M eV /c2. Such sta tes are difficult to  distin­
guish, in effective mass spectra, from the com binatorial 
background. The narrow  sta tes decay through a D  wave 
and therefore should have w idths of around 10 M eV /c2 
[3, 6 , 7]. Almost all observations of B 1 and B* have 
been m ade indirectly  in inclusive or semi-inclusive de­
cays [8 , 9, 10, 11], which prevents their separation and 
a precise m easurem ent of their properties. The m easure­
m ent by the A LEPH  collaboration [12], although par­
tia lly  done w ith exclusive B  decays, was sta tistically  lim­
ited  and model dependent. The masses, w idths, and de­
cay branching fractions of these states, in contrast, are 
predicted w ith good precision by various theoretical m od­
els [2, 3, 4 , 5, 6 , 7]. These predictions can be verified 
experim entally, and such a com parison provides im por­
ta n t inform ation on the quark  in teraction  inside bound 
states, aiding further developm ent of non-perturbative 
QCD. This L etter presents a study  of narrow  L = 1  sta tes 
decaying to  B + (+)n -  w ith exclusively reconstructed  B + 
mesons using d a ta  collected by the  D0 experim ent during 
2002-2006 and corresponding to  an in tegrated  luminos­
ity  of about 1.3 fb- 1 . T hroughout th is L etter, charge 
conjugated sta tes are implied.
The D0 detector is described in detail elsewhere [13]. 
The detector com ponents m ost im portan t for this anal­
ysis are the central tracking and m uon systems. The D0 
central tracking system  consists of a silicon m icrostrip 
tracker (SMT) and a central fiber tracker (C FT), bo th  
located w ithin a 2 T  superconducting solenoidal m ag­
net, w ith designs optim ized for tracking and vertexing 
a t pseudorapidities |n| <  3 and |n| <  2.5, respectively 
(where n =  —ln[tan(0 / 2 )], and 0 is the polar angle m ea­
sured w ith respect to  the beam  line). The m uon system  
is located outside the calorim eters and has pseudorapid­
ity  coverage |n| <  2. I t consists of a layer of tracking 
detectors and scintillation trigger counters in front of 
1.8 T toroids, followed by two sim ilar layers behind the 
toroids [14].
The B 1 and B* mesons are studied by exam ining 
B+(*) n  candidates. This sam ple includes the following
decays:
B 1 ^  B *+ n- ; B*+ ^  B +y; (1)
B* ^  B *+ n- ; B*+ ^  B + 7 ; (2)
B* ^  B + n - . (3)
The direct decay B 1 ^  B + n -  is forbidden by conserva­
tion  of parity  and angular m om entum . The B + meson 
is reconstructed  in the exclusive decay B + ^  J /-0 K +  
w ith J/-0  decaying to  ^+  ^ - . Each m uon is required to  
be identified by the m uon system , have an associated 
track  in the  central tracking system  w ith a t least two 
m easurem ents in the SMT, and a transverse m om entum  
p j  >  1.5 G eV /c. At least one of the two muons is re­
quired to  have m atching track  segm ents bo th  inside and 
outside the toroidal m agnet. The two m uons m ust form 
a common vertex and have an invariant m ass between 
2.80 and 3.35 G eV /c2, to  form a J/-0  candidate. An 
additional charged track  w ith p T >  0.5 G eV /c, w ith to ­
ta l m om entum  above 0.7 G eV /c and w ith a t least two 
m easurem ents in the  SMT, is selected. This particle is 
assigned the kaon mass and required to  have a common 
vertex, w ith x 2 <  16 for 3 degrees of freedom, w ith the 
two muons. The displacem ent of this vertex from the pri­
m ary  in teraction  point is required to  exceed three s tan ­
dard  deviations in the plane perpendicular to  the beam  
direction. The prim ary  vertex of the pp in teraction  was 
determ ined for each event using the m ethod described 
in Ref. [15]. The average position of the beam-collision 
point was included as a constraint.
From  each set of three particles fulfilling these require­
m ents, a B + candidate is constructed. The m om enta of 
the muons are corrected using the J /-0  m ass [1] as a con­
stra in t. To further improve the B + selection, a likelihood 
ra tio  m ethod [16] is utilized. This m ethod provides a sim­
ple way of combining several discrim inating variables into 
a single variable w ith increased power to  separate  signal 
and background. The variables chosen for this analy­
sis include the smaller of the transverse m om enta of the 
two muons, the x 2 of the B + decay vertex, the  B +  de­
cay length divided by its error, the  significance (defined 
below) S B of the  B +  track  im pact param eter, the tran s­
verse m om entum  of the  kaon, and the significance S K of 
the kaon track  im pact param eter.
For any track  i, the  significance S\ is defined as S\ = 
\ J \ tT / «"(c t ) ] 2 +  [iL/o~{eL)}2, where c t  ( e l ) is the  projec­
tion  of the track  im pact param eter on the plane perpen­
dicular to  the beam  direction (along the beam  direction), 
and <r(eT ) [<r(eL)] is its uncertainty. The track  of each
5FIG . 1: Invarian t m ass d is tr ib u tio n  of J / ^ K +  events. T he 
solid line shows th e  sum  of signal and  background  co n trib u ­
tions, as described in  th e  tex t. T he  co n trib u tio n  of J /^ n +  
events is show n by th e  solid filled area  and  th e  J/ipK + *  con tri­
b u tio n  is show n by th e  h a tched  area. T he  dashed  line shows 
th e  exponen tia l function  m odeling th e  com binato ria l back­
ground.
B + is formed assum ing th a t it passes th rough the recon­
structed  vertex and is directed along the reconstructed 
B + m om entum .
The resulting invariant mass d istribu tion  of the 
J /-0 K  + system  is shown in Fig. 1. The curve represents 
the result of an unbinned likelihood fit to  the sum  of 
contributions from B + ^  J /-0 K + , B +  ^  J / ^ n + ,  and 
B + ^  J/-0K +* decays, as well as com binatorial back­
ground. The m ass d istribu tion  of the J /-0 K +  system  
from the B + ^  J /-0 K  + hypothesis is param eterized by 
a G aussian w ith the w idth depending on the m om entum  
of the K  +. For the  contribution from B + ^  J /^ n +  
decays, the  w idth of the J / ^ n +  m ass d istribu tion  is 
param etrized w ith the same m om entum -dependent w idth 
as the  B +  ^  J /-0 K +  decays, and then  transform ed to  
the J /-0 K  + system  by assigning the  kaon mass to  the 
charged pion. The decay B  ^  J / ^ K +* w ith K +* ^  K n  
produces a broad J /-0 K  + mass d istribu tion  w ith the 
threshold near M (B ) — M (n ). I t is param eterized using 
M onte Carlo sim ulation (described later). The com bina­
torial background is described by an exponential func­
tion. The B + ^  J /-0 K  + and  B +  ^  J / ^ n +  m ass peaks 
contain 23287 ±  344 (sta t.) events.
For each reconstructed  B  meson candidate w ith mass 
5.19 <  M (B +) <  5.36 G eV /c2, an additional charged 
track  w ith transverse m om entum  above 0.75 G eV /c and 
charge opposite to  th a t of the B  meson is selected. The 
selection 5.19 <  M (B +) <  5.36 G eV /c2 reduces the 
num ber of B + candidates to  20915 ±  293 (sta t.). Since 
the B j  mesons (where B j  denotes b o th  B i and B*) de­
cay a t the production  point, the  additional track  is re­
quired to  originate from the prim ary  vertex by applying
FIG . 2: Invarian t m ass difference A M  =  M ( B + n - ) — M (B + ) 
for exclusive B  decays. T he  line shows th e  fit described  in  th e  
tex t. T he  co n trib u tio n  of background  and  th e  th ree  signal 
peaks are show n separa te ly  [color online].
the condition on its significance S n < \f§.
For each com bination satisfying the above criteria, the 
mass difference A M  =  M (B + n - ) — M (B +) is com­
puted. The resulting d istribu tion  of A M  is shown in 
Fig. 2. The signal exhibits a struc tu re  th a t is in ter­
p reted  in term s of the  decays (1 -3 ). Since the pho­
ton  from the decay B* ^  B y  is not reconstructed, 
the three decays should produce three peaks w ith cen­
tra l positions A i =  M (B i ) — M (B*), corresponding to  
the decay B i ^  B*n, A 2 =  M (B*) — M (B *), corre­
sponding to  B* ^  B *n, and A 3 =  M (B*) — M (B), 
corresponding to  B* ^  B n . Note th a t  in th is case, 
A 2 =  A 3 — [M (B*+ ) — M (B)] =  A 3 — 45.78 M eV /c2 
[1]. Following this expected p a tte rn , the experim ental 
d istribu tion  is fitted  to  the following function:
F  (A M  ) =  F sig(A M  ) +  Fbckg(AM ),
Fsig(A M ) =  N  -{ f i  ■ D (A M , A i, r i )
+  (1 — f i )  ■ [f2 ■ D (A M , A 2 , r 2)
+  (1 — f 2 ) ■ D (A M , A 3 , r 2)]}. (4)
In these equations, r i and r 2 are the w idths of B i and 
B 2* , f i  is the  fraction of B i contained in the  B j  signal, 
and f 2 is the  fraction of B* ^  B*n decays in the  B* sig­
nal. The param eter N  gives the  to ta l num ber of observed 
B j  ^  B +W  n decays. The background F bckg(A M ) is pa­
ram eterized by a fourth-order polynomial.
The function D (x , xo, r )  in Eq. (4) is the  convolution of 
a relativistic B reit-W igner function w ith the experim en­
ta l G aussian resolution in A M . The w idth  of resonances 
in the Breit-W igner function takes into account threshold 
effects using the stan d ard  expression:
T ( x ) = T o ^ ( J ^ j  F ™ ( k , k 0 ). (5)
6The variables k and k0 in Eq. (5) are the m agnitudes 
of the  pion three-m om entum  in the B j  rest frame when 
B j  has a four-m om entum -squared equal to  x 2 and x 2, 
respectively. r 0 is the  to ta l decay width, and F (2)(k, k0) 
is the  B latt-W eiskopf form factor for L =  2 decay [1, 17].
The resolution in A M  is determ ined from sim ulation. 
All processes involving B  mesons are sim ulated using 
the E v t G e n  generator [18] interfaced w ith PYTHIA [19], 
followed by full modeling of the detector response w ith 
GEANT [20] and event reconstruction as in da ta . The dif­
ference between the reconstructed  and generated values 
of A M  is param eterized by a double G aussian function 
w ith the a  of the narrow  G aussian set to  7.5 M eV /c2, the 
a  of the  wide G aussian set to  17.6 M eV /c2, and the nor­
m alisation of the  narrow  G aussian set to  3.8 tim es th a t 
of the wide Gaussian. Studies of the  B +  ^  J /-0 K  + mass 
peak show th a t  sim ulation underestim ates the  mass reso­
lution in d a ta  by «10% . As such, the  w idths of the Gaus- 
sians which param eterise the  B j  resolution are increased 
by 10% to  m atch the data , and a 100% system atic uncer­
ta in ty  is assigned to  th is correction. The w idths of the 
observed structu res are com patible w ith the experim en­
ta l m ass resolution, and the fit is found to  be insensitive 
to  values of r 1 and r 2 below the  m ass resolution w ith 
the current statistics. Therefore, bo th  these w idths are 
fixed a t 10 M eV /c2 in the fit, as suggested by theoretical 
models [3, 7]. They are varied together over a wide range 
to  estim ate the associated system atic uncertainty.
W ith  these assum ptions, the following param eters of 
B 1 and B* are obtained:
M (B 1) — M (B + ) =  441.5 ±  2.4 ±  1.3 M eV /c2,
M (B *) — M (B 1) =  26.2 ±  3.1 ±  0.9 M eV /c2. (6)
where the first uncerta in ty  is statistical, and the second 
is system atic. The correlation coefficient of these mass 
m easurem ents is —0.659. W ith  these relations, and using 
the m ass of the B +  [1], the absolute masses of the  B 1 and 
B 2* are:
M (B 1) =  5720.6 ±  2.4 ±  1.4 M eV /c2,
M (B *) =  5746.8 ±  2.4 ±  1.7 M eV /c2. (7)
The num ber of B J decays is found to  be N  =  662 ±  91. 
The x 2/d .o .f. of the  fit is 33/40. W ithou t the B j  signal 
contribution, the  x 2/d .o .f. of the fit increases to  97/45, 
which implies th a t th is s truc tu re  is observed w ith a s ta ­
tistical significance of more th a n  7a. F ittin g  w ith only 
one peak increases the  x 2/d .o .f. to  54/42, which corre­
sponds to  more th an  a 4a  significance th a t more th an  
one resonance is observed. W ith  the B* ^  B *+n decay 
removed from the fit, the  x 2/d .o .f. of the fit increases to  
41/41. A lthough w ith the current sta tistics we can not 
distinguish between the two- and three- peaks hypothe­
ses, theory  suggests th a t B* decays w ith alm ost equal 
branching ratios into B n  and B *+n [3, 7], and our fit 
indeed indicates a preference for th is expected pattern .
The num ber of B J mesons and values f 1 and f 2 ob­
ta ined  from the fit are used to  m easure the production  
and decay ratios of B 1 and B * :
B r ( B \  —> B*+7r) _  £o 
B r ( B j  -►
0.477 ±  0.069 ±  0.062,
B r ( B % ^ B * n )  _  £3 
Br(B% -► ' e2
0.475 ±  0.095 ±  0.069,
B r(b  -►B°j -► B(*)tt) 3 • N ( B j )
Br(b  B+)  “  2 - N ( B + )  • e0
0.139 ±  0.019 ±  0.032. (8)
Here e 1, £2 and £3 are the  efficiencies to  select an 
additional pion from the B J decay for decay modes 
B 1 ^  B *+ n- , B* ^  B *+ n-  and B* ^  B + n - , re­
spectively. They are determ ined from a sim ulation sepa­
ra te ly  for each decay mode (1 -3 ). The overall efficiency 
for detecting a pion from any B J ^  B + (*)n -  decay is 
£0 =  0.342 ±  0.008 ±  0.028. The value for R J takes into 
account the  decay B J ^  B 0n 0 assuming isospin conser­
vation.
For the B J mass fit, the  influences of different sources 
of system atic uncerta in ty  are estim ated by exam ining the 
changes in the  fit param eters under a num ber of varia­
tions. Different background param eterizations are used 
in the  fit to  the  A M  distribution. In addition, the  ef­
fect of binning is tested  by varying the bin w idth  and 
position. The param eters describing the background are 
allowed to  vary in the fit and their uncertainties are in­
cluded in our results. To check the effect of fixing r  1 and 
r 2 a t 10 M eV /c2, a range of w idths from 0 to  20 M eV /c2 
is used. The effect of the  uncerta in ty  on the mass dif­
ference M (B +*) — M (B + ) [1] is also taken  into account. 
Different param eterizations of the  detector mass resolu­
tion  are tested , and in addition the fit is m ade w ithout 
the 10% mass resolution correction. The uncerta in ty  in 
the absolute m om entum  scale, which results in a small 
shift of all m easured masses, is also taken  into account. 
The sum m ary of all system atic uncertain ties in the  B J 
mass fit is given in Table I .
The m easurem ent of the relative production  ra te  R J 
uses the  pion detection efficiencies predicted in simula­
tion, as well as the num bers of B J and B + events. To 
estim ate the  system atic uncertain ty  on the num ber of 
B + events, different param eterizations of the signal and 
background are used for the fit. The resulting uncer­
ta in ty  is ±200 B + events. The system atic uncertain ty  
on the num ber of B J events is ±140 (see Table I ) . The 
uncerta in ty  of the im pact param eter resolution in the 
sim ulation is estim ated to  be «10%  [22]. I t can influence 
the m easurem ent of the selection efficiency of the pion 
from the B J  decay, and its contribution to  the system ­
atic uncertain ty  of R J is found to  be 0.0056. The track 
reconstruction  efficiency for particles w ith low transverse
R 1 =
R 2 =
R J  =
7TA B L E  I: System atic  uncerta in ties  of th e  B j  p aram eters  de term ined  from  th e  A M  fit. T he  rows show th e  various sources 
of system atic  erro r as described  in th e  tex t. T he  colum ns show th e  resu lting  un certa in ties  for each of th e  five free signal 
p aram eters  as described in Eq. (4 ). A M  (B i ) and  A [M  ( B | ) — M  (B i )] are in  M eV /c2.
Source A M ( B i ) A [M (B 2*) -  M ( B i) \ A R i a r 2 A N
B ackground  p a ram eteriza tion 0.15 0.15 0.010 0.009 19
B in  w id th s /p o sitio n s 0.85 0.70 0.006 0.026 12
Value of r 0.75 0.55 0.023 0.032 138
B+* m ass unce rta in ty 0.30 0.25 0.004 0.004 6
M om entum  scale 0.50 0.03 0.000 0.000 0
R esolu tion  u n certa in ty 0.20 0.05 0.007 0.004 10
Efficiency u ncerta in ties 0.056 0.054
T o ta l 1.30 0.90 0.062 0.069 140
m om entum  is m easured in Ref. [21] and good agreem ent 
between d a ta  and sim ulation is found. This com parison 
is valid w ithin the uncertainties of branching fractions of 
different B  semileptonic decays, which is about 7%. This 
uncertain ty  results in a 0.0096 variation of R J . An ad­
ditional system atic uncerta in ty  of 0.0008 associated w ith 
the difference in the m om entum  distributions of selected 
particles in d a ta  and in sim ulation is taken  into account. 
Com bining all these effects in quadratu re , the  to ta l sys­
tem atic uncerta in ty  in the  relative production  ra te  R J is 
found to  be 0.032, of which the dom inant contribution 
comes from the uncerta in ty  on the num ber of B J events.
Different consistency checks of the observed signal are 
perform ed. The stab ility  of the  fit under different se­
lections of n  meson from B J ^  B + (+)n  decay and the 
w idth of the B +  mass window is verified. Events w ith 
positively and negatively charged pions are analyzed sep­
arately, and consistent results are obtained. A comple­
m entary  sam ple of events containing a pion not com pati­
ble w ith the prim ary  vertex is selected, and no significant 
B J signal is observed. Events w ith wrong charge combi­
nations (B + n+  and  B - n - ) also show a signal consistent 
w ith zero. In addition, the fit is repeated  w ithout the 
B latt-W eiskopf form -factor and no visible change in re­
sults is observed.
In conclusion, the B i and B* mesons are observed for 
the  first tim e as two separate states. Their m easured 
masses are given by Eq. (6 ) . The B J production rate, 
the branching fraction of B* to  the excited s ta te  B*, 
and the fraction of the B i meson in the B J  production 
ra te  are also m easured as given in Eq. (8 ) . These results 
will help to  develop models describing bound sta tes w ith 
heavy quarks.
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